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Abstract For homogeneous isotropic turbulence study, the acquisition of band-pass ﬁltered velocity
increments (FVI) in a non-forced turbulent box is still a challenge both experimentally and numeri-
cally. Turbulence and associated physical processes, at a given instant, are permanently contaminated
by a forcing process which can seldom be universal. The situation tends to be the origin of intermit-
tency and the non-Gaussian probability density distribution for acceleration and velocity gradients.
To reveal implied mechanism, grid turbulence is adapted to observe non-perturbed homogeneous
isotropic turbulence. The velocity increments (VI) can be obtained following Comte-Bellot and
Corrsin (GCBC) by means of two point-two time shifted velocity measurements. It is diﬃcult to
obtain decaying turbulence (DT) at large turbulent Reynolds number without pollution coming
from walls. Nevertheless it is also signiﬁcant to investigate DT in low Reynolds number regimes to
determine non-polluted tendencies. The similarity of DT between particle image velocimetry (PIV)
and hot wire anemometry measurements by GCBC are presented. Here we focus our tendency on
VI and FVI probability density function (PDF) shapes in this letter. In conclusion, the tendency
to Gaussian shape in inertial zone wavenumbers, demonstrates that there will be no intermittency
if turbulent cascade is not perturbed. c© 2011 The Chinese Society of Theoretical and Applied
Mechanics. [doi:10.1063/2.1104202]
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Few works exist which studied non-forced homoge-
neous isotropic turbulence (HIT), as box of turbulent
ﬂuctuations, and which produced velocity ﬁeld and as-
sociated statistics as Eulerian correlation or velocity in-
crements. In the recent turbulence papers, it is clas-
sic to write that “it is well known, for turbulent ﬂows,
that, in spite of velocity ﬁeld displaying near Gaussian
statistics, the velocity gradients and acceleration are
characterized by probability density functions (PDFs)
with strongly non-Gaussian tails”.1 Other authors in-
troduced new modelling at subgrid scale level (for large
eddy simulation (LES)) accounting for departure of the
acceleration PDF from Gaussian shape.2 They support
their thinking with forced turbulence, partly by the re-
sults observed in Yeung and Pope3 for low Reynolds
numbers (from 38 to 93) and by Mordant et al.,4,5 or
for higher Reynolds numbers (till 740).6 (It is impor-
tant, here, to diﬀerentiate clearly between this turbu-
lence (even at very high Reynolds number), that is diﬃ-
cult to claim universal, from HIT). That can be done by
studying the behavior of acceleration or velocity incre-
ments without wall structure or forcing eﬀects. In do-
ing so, modelling at subgrid scale level can be universal
and usable in any kind of ﬂow situation for which non-
universal large scale ﬂow motions (and induced small
scale eﬀects) are directly computed as in Refs. 7 and
8. In the past Favre et al.9 (FCD) and Comte-Bellot
and Corrsin10 (GCBC) studied, with hot-wire anemom-
etry measurements, decaying turbulence (DT) that is
schematically a non-forced turbulence. At this time the
main goal was to determine the two-point, two time
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shifted correlation for demonstrating the existence of
universal turbulent time scales. These measurements
implied using two hot-wire anemometry probes for ve-
locity ﬁeld measurements. This was obtained in a ﬁrst
ﬁxed point X and in a second moving point X + ΔX,
respectively at X and time t, and at X + ΔX at time
t+Δt (where Δt = ΔX/U (U being the mean velocity
at X). They accounted, by extrapolation, for the wake
perturbation of the ﬁrst probe on the second probe mea-
surements in the range ΔX/M = 0 to ΔX/M = 8.10
Nevertheless this prohibited any velocity increment de-
terminations. Since these famous results most of the re-
lated works focus on obtaining Lagrangian quantities as
Snyder and Lumley11 who ﬁrst published usable (from a
theoretical or computational point of view) Lagrangian
autocorrelation and time scale results. This work, as
few others, described inertial particle behaviors, not
ﬂuid particle ones. Measurements were done for wa-
ter DT. They obtained characteristic turbulent times
related to solid particles of various densities and sizes.
They used cameras aligned along their channel axis with
a global illumination of the particles. This last point
provided a bias error due to projection on the recording
plane of the ﬁlms. Up to now such results are still dif-
ﬁcult to obtain. Probably new three dimensional (3D)
measurement method, as Digital Holographic particle
image velocimetry (PIV),12 could lead to such result.
In another point of view for DT, Schlien and Corrsin13
deduced Lagrangian measurements from heat dispersion
measurements behind a heated wire stretched across a
wind tunnel. Sato and Yamamoto14 did, for DT, di-
rect measurements of Lagrangian autocorrelation, with
an optical technic. Their measurements were too close
to the grid, with particles too large compared to Kol-
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mogorov scale to be clearly analyzed for turbulence in-
spection. Zhao et al.15 ﬁrst did such two point and two
time shifted velocity measurements with PIV technic.
This was done with PIV. They compared their correla-
tion with the one of GCBC10 and the Lagrangian au-
tocorrelation deduction by Shlien and Corrsion (SC).13
From this ﬁrst result, it would be interesting in the fu-
ture to compare with the scaling theory developed by
Ref. 15 that was tested in turbulent shear ﬂows or in
Rayleigh−Be´nard convection.16 (Here we present other
statistical quantities than the two point and two time
shifted correlations which were obtained from the same
experiments as described in Ref. 17 where experimen-
tal details can be found.) These results are original
since velocity increments for small Δt were not possible
with hot-wire anemometry measurements. Another dif-
ference compared to the measurement technic used by
GCBC is that hot-wire measurements are time-resolved
signal whereas PIV measurements are spatial-resolved.
We have ﬁrst done a one-dimensional (1D) (spatial)
spectral analysis to obtain ﬁltered velocity ﬁeld. In do-
ing so, we deduced velocity increments corresponding
to given structure sizes. This was done by GCBC with
1D temporal hot wire anemometry signals for obtaining
time scale associated with structure sizes.
The decaying turbulence was generated in a water
channel of 7 m long, and 20 cm × 20 cm cross-section.
A grid of 1 cm mesh size was disposed upstream to gen-
erate an homogeneous turbulence decaying along the
channel ﬂow. The solidity of the grid was 0.44. Two
sets of experiments were obtained. For the ﬁrst one,
the mean velocity U was equal to 1.2 m/s and for the
second one 1.8 m/s. The turbulence level was about
2% of the mean velocity at location X/M = 50 with
turbulent Reynolds numbers Reλ equals to 35 and 63,
respectively for both mean velocity. Figures 5 and 6
show E11(k1), the ﬂuctuation power spectrum of the
longitudinal velocity, compensated by the −5/3 law, for
both cases, at location X/M = 50. These curves were
plotted versus k1η where η is the Kolmogorov length
scale. The turbulence intensity decay of the ﬂuctua-
tions of the longitudinal velocity follows the power law:
(u′2/Ue
2
= 3.8 × 10−2(X/M)−1.22). We used two Lav-
ision synchronised PIV systems. The ﬁrst charge cou-
pled device (CCD) camera was ﬁxed and focused onto
a ﬁrst point X along the axis whereas the second CCD
camera was focused onto point (X+U¯Δt). We used ﬂu-
orescent particles of 10 μm diameter. An high-pass ﬁlter
of minimal wavelength λr = 560 nm was mounted on
the lenses of the CCD cameras. The total recorded area
has a 3 cm × 2.4 cm size corresponding to three inte-
gral length scales. The analysis was done with a window
of 64 × 64 pixels corresponding to 1.5 mm × 1.5 mm.
That was a few times the size of Kolmogorov scale η,
for Reλ = 35, which is equal to 146 μm (106 μm for
Reλ = 63) at station X/M = 50. As we made a PIV
analysis in every point of the image, our PIV analysis
could determine velocity of turbulent structures having
a third of the PIV window (when structures are com-
pletely in the center of the window). This implies ca-
pabilities of determining the velocity corresponding to
the turbulent structures whose size is about 3 times the
Kolmogorov size of our ﬂow. Contributions to the total
error include: (1) classical PIV errors that have been
discussed in Ref. 18-22 and more recently in Ref. 23
for acceleration and (2) plane shifting and camera ad-
justment (magniﬁcation, ...) errors. More details can
be found in Ref. 24. The main errors were due to the
second contribution. The total error was less than 3%
in the range ΔX/M = 0 to ΔX/M = 4 and less than
8.5% for the range ΔX/M = 4 to the largest ΔX/M . In
Ref. 24 it was argued about the improvement of the de-
termined correlation compared to the one obtained by
GCBC. It showed an integral scale 6.5% greater than
the one of GCBC. This was induced by higher values in
the range ΔX/M = 0.38 to ΔX/M = 90. In this zone
our errors were about 3%. The uncertainty of our mea-
surements is low enough to conﬁrm that correlation in
this zone was underestimated by GCBC.10 In this zone
their extrapolation underestimates the real value. More
explanations about the reasons of this diﬀerence can be
found in Ref. 24. Nevertheless in this zone, corrections
are needed as no direct measurements, and thus neither
VI, could be obtained with hot-wire. The PIV technic
allows these measurements.
Fig. 1. Probability density function of longitudinal com-
ponent of the velocity ﬂuctuation increments for diﬀerent
distances ΔX from station X/M = 50 for Reynolds number
Reλ = 35.
We can see on Figs. 1 and 2 the PDF of the VI for
the two turbulent regimes with δu1 = u1(X +ΔX, t +
Δt) − u1(X, t). The PDF correspond to exact Eule-
rian PDF in decaying homogeneous turbulence without
mean ﬂow. Note also that we chose to plot them as in
Ref. 3. The sum was check to be one for every PDF.
In these Figures the evolutions of the associated ﬂat-
nesses are plotted. This shows clearly values about 5
for the smallest distances ΔX/M to 3 for the larger
separation distances. This behavior is similar to that
in forced turbulence 3–6 and demonstrates a global in-
termittency. The results from this experiment provide
the instantaneous velocity ﬁeld on an area about 3 in-
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Fig. 2. Probability density function of longitudinal compo-
nent of the velocity ﬂuctuation increments for diﬀerent dis-
tances ΔX/M from station X/M = 50 for Reynolds number
Reλ = 63.
tegral scales. We apply a one-dimensional spatial spec-
tral analysis to this velocity ﬁeld in order to analyse
the contribution of structures ranging from size ∼ k−11
to (k1 +Δk1)
−1, where Δk1 is a band equal to 2 cm−1.
Figures 3 and 4 are two examples of PDF from the ve-
locity increments (VI), shown above, obtained with one-
dimensional spatial ﬁltered velocity signal. This is for
station X/M = 50, for Reλ = 35 and Reλ = 63, for sep-
aration distances ΔX/M = 2.5. Only the PDF for the
wavenumbers corresponding to the inertial zone (this
one is not very pronounced in the present two power
spectra of the velocity ﬂuctuations) are presented. Ev-
ery FVI PDF curve is associated with a band-pass
wavenumber of the spectral ﬁltered process. What is
interesting is the Gaussianity obtained for some small
wavenumbers for the higher regime.
Fig. 3. Probability density function of ﬁltered longitudinal
component of the velocity ﬂuctuation increment at distance
ΔX/M = 2.5 for station X/M = 50 and for Reynolds num-
ber Reλ = 35. Only the pdf for the smallest wavenumbers
are presented.
Figures 5 and 6 present the ﬂatnesses, correspond-
ing to the previous PDF curves, evolving as a function
of the wavenumber. This is plotted in order to com-
Fig. 4. Probability density function of ﬁltered longitudinal
component of the velocity ﬂuctuation increment at separa-
tion distance ΔX/M = 2.5 for station X/M = 50 and for
Reynolds number Reλ = 63. Only the PDFs for the smallest
wavenumbers are presented.
pare with the corresponding compensated power spec-
tra. These curves conﬁrm that VFI PDFs tend to Gaus-
sian shape for the wavenumbers that are in the inertial
zone (for which the turbulent cascade is the most es-
tablished) for the higher regime. In this case ﬂatness of
VFI are close to 3 whereas for the lower regime, at sta-
tion X/M = 50, turbulence is not high enough leading
to higher ﬂatnesses and non Gaussian VFI PDFs.
Fig. 5. For station X/M = 50, Reλ = 35 and separation
distances ΔX/M = 2.5: (a) compensated power spectrum;
(b) ﬂatness of the probability density function of the ﬂuctu-
ation of the ﬁltered longitudinal velocity component versus
wavenumbers.
In Figs. 7 and 8 ﬂatness values corresponding to
the FVI PDF versus the non dimensionalised wavenum-
bers are presented, for three stations X/M = 50, 70
and 90, for the two regimes and three separation dis-
tances ΔX/M . For all stations, regimes and separation
distances there exists a zone for which the turbulent
structures are the most involved in the cascade process,
regarding the corresponding compensated power spec-
trum.
For these structures, the PDF Gaussianity of the
corresponding FVI is preserved whatever the turbulent
regime is (PDF is not shown here). The Gaussianity
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Fig. 6. For station X/M = 50, Reλ = 63 and separation
distances ΔX/M = 2.5: (a) compensated power spectrum;
(b) ﬂatness of the probability density function of the ﬂuctu-
ation of the ﬁltered longitudinal velocity component versus
wavenumbers.
Fig. 7. Flatness of FVI. For three stations X/M = 50, 70
and 90, Reλ = 35 and 3 separation distances ΔX/M .
disappears only when viscous eﬀects are too important
or when the largest structures are not involved in the in-
ertial zone of the established turbulent cascade. We can
also notice that the number of wavenumbers, for which
there exists Gaussianity, increases with the turbulent
Reynolds number and the establishment of turbulence.
This explains why for X/M = 50 Gaussianity is not
Fig. 8. Flatness of FVI. For three stations X/M = 50, 70
and 90, Reλ = 63 and 3 separation distances ΔX/M .
achieved for the lower regime. This is a key point for
sub-grid scale modelling as the one by Refs. 7, 8, and 25,
for example. For this modelling, at sub-grid scale level,
the turbulence is supposed homogeneous and isotropic.
From the present results it may be better to use, for
the PDF of acceleration ﬂuctuations (if velocity incre-
ment tends to acceleration for smaller separation dis-
tances), a Gaussian form. Large eddies, not involved
in the inertial zone, will introduce perturbations (or in-
termittency) when their associated velocity ﬁeld will be
directly computated via LES for example.
The present work is concerned with two time two
point shifted measurements of the longitudinal ﬂuid ve-
locity inside an homogeneous decaying turbulence. This
allows us to present here VI associated statistics for two
regimes of the DT, Reλ = 35 and Reλ = 63, for three
stations X/M = 50, 70 and 90 along the channel axis.
The associated PDF shows a global non Gaussian be-
havior as usual for any kind of turbulence. A 1D spatial
spectral analysis allows us to present the previous statis-
tical quantity associated with structures of size ∼ k−11 .
When plotted respectively to the compensated power
spectrum, the PDF of FVI demonstrates a Gaussian
behavior for some wavenumbers which are in the zone
where the cascade and the turbulence are most estab-
lished. When the regime increases, the Gaussian behav-
ior is extended to an increased region of wavenumbers.
Such behavior is fundamental for turbulent modelling
when homogeneous and isotropic turbulence is a hy-
pothesis. Further measurements have to be conducted
with higher Reynolds number and spatial spectral anal-
ysis to have a deeper insight of turbulence processes of
individual structures (in spectral sense). To the best
of our knowledge such results do not exist for homo-
geneous decaying turbulence. We further note that for
small space separations PIV technic allows, with the
present measurements, to track, till the 2nd CCD cam-
era location, the particles used for velocity determina-
tion at a location of the ﬁrst CCD camera. This would
lead to Lagrangian FVI measurements. Unfortunately
this necessitates huge supplementary analysis and com-
putation time (about 642 times the present time for
obtaining the presented results) to follow exactly the
particles at the second location x(t+Δt). Nevertheless
this will be next presented. These Lagrangian mea-
surements would ﬁrst be of interest for a wide class of
modelling as the one developped by Refs. 26 and 27.
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